Objective To evaluate the combined effect of lesion activity and pathologic processes occurring in both chronically demyelinated lesions and normal-appearing white matter (NAWM) on brain atrophy in MS.
Brain atrophy is a sensitive, global measure of neurodegeneration in MS. Brain atrophy predicts future worsening of overall disability and cognition and has been incorporated into newer measures of disease activity such as "no evidence of disease activity-4." 1, 2 Brain atrophy also represents an attractive outcome measure for clinical trials of new neuroprotective therapies in MS. 3 However, the pathophysiologic mechanisms underlying brain atrophy in MS are still not fully understood. Lesion load is reported to be a poor predictor of subsequent brain atrophy, even when only highly destructive lesions ("black holes") are analyzed. 4 There is a better association between brain atrophy and new lesion activity (including gadolinium (GAD)-enhancing and expanding lesions), 5 but this correlation is moderate at best. Other factors, such as diffuse damage of the normal-appearing white matter (NAWM), focal demyelination, iron deposition in gray matter, slowly expanding plaques, and genetic factors, have been suggested to contribute to brain atrophy (see references 2, 4, and 6 for review).
Diffusion tensor imaging (DTI) techniques are widely used for cross-sectional and longitudinal assessment of tissue integrity in both lesion tissue and NAWM of patients with MS. 7, 8 It was suggested that radial diffusivity (RD) is linked to degree of myelination, whereas axial diffusivity (AD) is associated with axonal pathology. 9, 10 Using a DTI-based approach, we recently reported evidence of significant tissue damage in chronic MS lesions that correlated with progressive loss of brain tissue. 11 The aim of the current study was to evaluate the combined effect of several factors, including baseline lesion load; new and expanding lesions; and baseline and longitudinal measures of tissue integrity in chronic lesions and NAWM, on brain atrophy.
Methods
Standard protocol approvals, registrations, and patient consents The study was approved by University of Sydney and Macquarie University Human Research Ethics Committees and followed the tenets of the Declaration of Helsinki. Written informed consent was obtained from all participants.
Subjects
Fifty consecutive patients with relapsing-remitting MS (RRMS), defined according to the revised McDonald criteria, were enrolled.
MRI protocol
MRI scanning was performed twice-once at the time of enrollment and again 5 years later. The following sequences were acquired using a 3T GE Discovery MR750 scanner (GE, Milwaukee, WI).
1. Pre-and post-contrast (GAD) sagittal isotropic (1 mm) 3D T1 2. fluid attenuation inversion recovery (FLAIR) CUBE (1.2 mm) 3. Whole brain DTI, 64 directions, b0 = 1,000 s/mm 2 For details of MRI protocol and preprocessing, see supplementary material (links.lww.com/NXI/A129).
Lesion identification and analysis
For baseline analysis, lesions were identified on the coregistered baseline T2 FLAIR images and semiautomatically segmented using JIM 7 software (Xinapse Systems, Essex, UK) by a trained analyst. T1 lesion volume was not analyzed in the current study. As we previously reported, T1 lesion size (including, but not limited to black holes) is typically smaller, taking on average about 40% of T2 lesion volume. 12 Only lesions appearing on more than 3 consecutive slices were selected for analysis. Following this, lesion volume and DTI indexes were measured. In addition, to isolate the potential effect of "slow burning" chronic inflammation and remyelination, 13 which may occur at the lesion edge, the core of the lesion was identified by shrinking the segmented lesion mask in all directions by 1 voxel using the "eroding" function of JIM software. The inner-lesional area immediately surrounding the lesion core (lesion "rim") and 3 concentric layers at 1, 5, and 10 mm from the lesion edge ("extralesional regions of interest [ROIs]") were also generated. The thickness of each layer was 1 mm (figure 1). These are designated as layer 1, layer 5, and layer 10 based on their distance from the lesion. Extralesional ROIs were intersected with the white matter mask to avoid CSF and gray matter contamination. The most external layer situated 10 mm from the lesion edge (layer 10) was deemed to represent NAWM. 14 The lesion mask was also applied to pre-contrast 3D T1-weighted images to quantify the level of T1 hypointensity. To reduce the effect of random variation in scan intensity, the scanwise (i.e., averaged across all lesions within single patient) lesional and perilesional hypointensity was stratified by the intensity of NAWM (i.e., T1 hypointensity of the external layer situated 10 mm from the lesion edge was subtracted from T1 hypointensity at the lesion and perilesional white matter).
Glossary AD = axial diffusivity; DTI = diffusion tensor imaging; EDSS = Expanded Disability Status Scale; FLAIR = fluid attenuation inversion recovery; FSL = Functional MRI of the Brain Software Library; GAD = gadolinium; MD = mean diffusivity; NAWM = normal-appearing white matter; PBVC = percent brain volume change; RD = radial diffusivity; ROI = region of interest; RRMS = relapsing-remitting MS.
Follow-up lesions were analyzed in 2 different ways. First, to calculate diffusion changes in chronic lesions and corresponding surrounding tissue, a baseline lesion mask was applied to follow-up images. To compensate for the shift in position of follow-up lesions caused by ongoing brain atrophy, the position of every lesion in each slice of the follow-up image was examined and, where necessary, adjusted manually, as described previously. 11 Following this, individual ROIs ("core," "rim," and external layers) were generated as described above.
To evaluate lesion activity during the observation period, follow-up T2 FLAIR images were segmented using JIM 7 software as implemented for baseline segmentation. The difference between lesion volume at follow-up and baseline was used as a measure of lesion activity.
Patients with GAD-enhancing lesions at any time point were excluded from the analysis because of their potential confounding effect on brain volume (localized inflammatory edema of brain tissue and delayed impact on atrophy) and DTI measures. the Brain], Oxford, UK) (S. M. Smith et al., NeuroImage, 2002) pipeline. Briefly, T1 intensity inhomogeneity correction 15 was performed, followed by removal of nonbrain tissue using the Brain Extraction Tool from the FSL with manual quality control. The preprocessed brain masks were then imported into SIENA with standard parameters (SIENA v. 2.6). Lesion filling has not been performed. 16 
Statistics
Statistical analysis was performed using SPSS 22.0 (SPSS, Chicago, IL). For details, see supplementary materials (links. lww.com/NXI/A129).
Data availability
The authors confirm that the data supporting the findings of this study are available within the article and from the corresponding author upon reasonable request.
Results
Of 50 enrolled patients, 4 demonstrated GAD-enhancing lesions at baseline, 1 patient had an atypical (Balo-like) lesion, and the baseline image from 1 patient was not of acceptable quality for comparison analysis. Therefore, data from 44 patients were analyzed. All, but one, patients were on treatment at the time of enrollment. Thirty-nine patients were on stable treatment during study follow-up (table 1), whereas in 4 patients, treatment was altered during the study (1-Avonex to Fingolimod, 1-Fingolimod to Tysabri, 1-Aubagio to Tysabri and 1-Tysabri to Lemtrada).
Brain lesion volume (mean ± SD) at baseline was 6.5 ± 6.0 mL (range 0.7-23.9 mL) and increased during the follow-up period to 8.0 ± 6.6 mL (range 0.8-24.2 mL, p < 0.001, paired t test). The median Expanded Disability Status Scale (EDSS) score at baseline was 1.0 (range 0-6) and 1.5 (range 0-6.5) at follow-up (p = 0.08).
The average (normalized) T1 intensity profile, shown in figure 2, demonstrates the lowest value and highest variation in the lesion core, indicating considerable interpatient variability in the degree of lesion tissue damage.
Brain atrophy and its relationship with demographics and conventional MRI measures During follow-up, the brain volume was reduced by 2.0% ± 1.1% (or 0.41% annually). PBVC data were normally distributed (Shapiro-Wilk test, p = 0.36). PBVC was not associated with patient age (r = 0.14, p = 0.4), disease duration (r = 0.07, p = 0.8), or duration of the follow-up (r = 0.22, p = 0.17). In addition, PBVC was not different between male and female patients (−2.0% and −1.9%, respectively, p = 0.9, Student t test). PBVC correlated with the baseline EDSS score (r = 0.5, p = 0.001, Spearman). There was, however, no correlation with change in the EDSS score during follow-up. Participants were also categorized according to their prescribed treatment into 2 groups. A platform group comprised patients treated with glatiramer acetate or beta-interferon throughout duration of the study (18 patients, median EDSS score 1), whereas the advanced treatment group included individuals on stable treatment with fingolimod, dimethyl fumarate, natalizumab, or alemtuzumab (24 patients, median EDSS score 1.5). There was no difference in the rate of brain atrophy between treatment groups (−1.8% and −2.0% for platform and advanced treatment groups, respectively, p = 0.7, t test). Brain pseudoatrophy has been previously reported in patients receiving specific MS therapy (namely fingolimod and natalizumab) during first 12 months of treatment. 17 However, in our study cohort, no correlation was detected between PBVC and time on treatment in this group (p = 0.2).
A correlation was observed between PBVC and baseline lesion volume (r = −0.38, p = 0.016, nonparametric partial correlation) (figure 3A). Adding lesion T1 hypointensity (which reflects the level of lesion tissue damage) as a covariate Age, y 42.5 ± 9.9
Sex

16M/28F
Disease duration at baseline, y 4.9 ± 2.9
Duration of follow-up, mo 59.9 ± 6.1
No. of patients on stable treatment 39 (n/time on treatment, mo) Figure 2 The average T1 hypointensity profile (mean ± SD) normalized by T1 intensity in NAWM did not increase the correlation (r = −0.38, p = 0.017, nonparametric partial correlation).
There was, however, a much stronger association between PBVC and new lesion activity (i.e., increase of lesion volume during the study) (r = −0.63, p < 0.001, nonparametric partial correlation), indicating that new lesions alone account for 40% of PBVC variability. Correlation graph is shown in figure 3B .
Baseline and longitudinal diffusivity measures
Baseline and follow-up diffusivity measures are presented in table 2.
At baseline, all diffusivity measures were elevated within MS lesions compared with NAWM (p < 0.001 for AD, RD, and mean diffusivity [MD]). High diffusivity was particularly evident in the core of established lesions, gradually dropping toward perilesional white matter.
During follow-up, the diffusivity within chronic MS lesions increased significantly. This change was again more profound in the lesion core. A progressive and identical increase in parallel (AD) and perpendicular (RD) diffusivity within MS lesions (i.e., in both "core" and "rim" areas) suggested that the diffusion change within lesions was isotropic (i.e., equal in all directions) in nature (figure 4). Therefore, MD was used in subsequent analyses of the relationship between lesion diffusivity and brain atrophy. 
Correlation of PBVC with longitudinal diffusivity change
There was significant association between PBVC and longitudinal increase in diffusivity within the core of chronic MS lesions (r = −0.35, p = 0.025, partial correlation). This correlation was further strengthened when lesion diffusivity change was stratified (i.e., multiplied) by the baseline lesion volume (r = −0.62, p < 0.001, partial correlation) ( figure 3D ).
Brain atrophy correlated with longitudinal RD change in NAWM (r = −0.35, p = 0.026, partial correlation) (figure 3E), but not with longitudinal AD change in NAWM (r = −0.12, p = 0.46, partial correlation).
Linear regression model
Linear regression modeling was performed to evaluate the relative contribution of various factors to brain atrophy. PBVC was used as a dependent variable. Five variables, which demonstrated significant correlation with brain atrophy, were included in the model, namely new lesion activity, progressive increase of MD in the lesion core (adjusted for lesion volume), baseline NAWM RD, change of RD in NAWM, and baseline lesion volume. Age and sex were also added to the model. None of the variables demonstrated collinearity. The linear regression model explained more than 60% of intersubject variance of the progressive brain atrophy (r 2 = 0.62, adjusted r 2 = 0.54). First 3 variables (new lesion activity, progressive increase of MD in the lesion core, and baseline NAWM RD) contributed significantly to the model (p = 0.002, 0.03, and 0.03, standardized beta-coefficient = −0.44, −0.35, and −0.29 for new lesion activity, progressive increase of lesion MD, and baseline NAWM RD, respectively). The contribution of new lesion activity was highest, whereas increase of lesion diffusivity and baseline NAWM RD contributed equally to the model (significance of F change = 0.01 and 0.04, respectively). The contribution of other variables was not significant (significance of F change = 0.4 and 0.09 for baseline lesion volume and NAWM RD change, respectively). The regression plot is presented in figure 5 .
Discussion
In the current study, we evaluated the contribution of several factors to progressive brain atrophy in patients with RRMS over 5 years. Although the pathophysiology of brain atrophy has been extensively researched elsewhere, the current work emphasizes the impact of progressive tissue injury within established MS lesions and myelin pathology in NAWM, which are not commonly included in analysis of brain atrophy. An MRI-derived measure of isotropic water diffusion was used to estimate progressive lesion damage, as described by Klistorner et al., 11 whereas alteration in RD was used to assess the level of microstructural tissue injury and demyelination in NAWM.
We demonstrate significant brain atrophy over 5 years in a cohort of patients with relatively short disease duration and mild disability. Although the rate of brain atrophy was lower than reported in some previously published studies, 2 patients with active disease (GAD lesions evident on MRI) were excluded from the analysis. In addition, all, but one, patients were on disease-modifying treatment. Therefore, combination of mildly affected cohort and effective therapy may be responsible for slow rate of brain atrophy. Similar rates of brain volume loss have been described in other wellcontrolled MS populations.
5,18 PBVC in our study was also considerably larger than reported in healthy subjects of comparable age (0.15%). 19 Because of the small size of treatment groups, the effect of individual therapy on atrophy rate was not assessed. Brain pseudoatrophy caused by resolution of ongoing white matter inflammation has been reported to occur within first 12 months of fingolimod or natalizumab treatment initiation. 17 However, this is unlikely to have a significant effect on the rate of brain atrophy reported in the current study because the majority of patients were on stable treatment for more than 12 months. In addition, there was no correlation between PBVC and time on treatment in the fingolimod/natalizumab group. Furthermore, largest effect of pseudoatrophy is typically observed in patients with GAD-enhancing lesions at baseline, 20 whereas in the current cohort, patients with active baseline lesions were excluded from analysis.
Concordant with previous studies, 21 demographic factors (age, sex, and disease duration) did not affect the rate of progressive loss of brain tissue. Although treatment has been shown to have effect on the rate of brain atrophy in MS, 1 the type of treatment did not significantly affect PBVC in the current study, potentially reflecting the fact that patients were receiving highly efficacious therapy.
We identified several factors that were individually associated with the rate of brain volume loss, namely baseline lesion load and new lesion activity, progressive tissue injury within chronic lesions, and diffuse alterations in NAWM. Each factor is discussed below.
Baseline lesion load
Baseline lesion load demonstrated a modest effect on subsequent brain atrophy and, in accordance with previous studies (see reference 4 for review), accounted for a small proportion (14%) of the variance in atrophy in our patient cohort. Although intersubject mean T1 lesion hypointensity varied widely, indicating a broad spectrum of tissue injury within lesions, the correlation was not augmented by the addition of T1 hypointensity as a covariate.
The relationship between baseline lesion load and PBVC we believe is likely to be the result of delayed retrograde and Wallerian degeneration (which in the CNS can persist for years 22 ) of axons that were transected during lesion formation and, as a result, "committed" to neurodegeneration. 23 In addition, other factors, such as slowly spreading trans-synaptic degeneration, may also play a role. 24, 25 New lesion activity New lesion activity, as measured by increase of T2 lesion load between baseline and follow-up, was strongly associated with progressive brain volume loss, explaining 40% of PBVC variability, which is similar to previous studies. 5, 26 The association with global brain volume loss is likely attributable to axonal transection in newly forming and slowly enlarging lesions, with subsequent Wallerian and retrograde degeneration and secondary neuronal loss and gray matter thinning. 6, 27, 28 Progressive tissue injury within chronic lesions The results of the current study confirm our previous observation of a significant and highly concordant increase in RD and AD in the core of established MS lesions. 11 This isotropic increase of lesion water diffusion (stratified by lesion volume) individually accounted for 38% of brain atrophy variance.
We recently postulated that a progressive, isotropic increase in diffusivity in the core of chronic MS lesions likely reflects enlargement of the extracellular space caused by ongoing tissue loss. 11 Histopathologically, chronic lesions are dominated by demyelinated axons and glia; permanent demyelination may contribute to accelerated focal axonal damage that culminates in axonal transection and gradual attrition due to Wallerian and retrograde degeneration. [29] [30] [31] However, fibrillary gliosis, which developed during the initial (acute) inflammatory stage of lesion formation, 32 is likely to support the structural integrity of established lesions and prevents collapse of lesion tissue despite progressive lesion axonal loss. This, therefore, can lead to an enlargement of extracellular space and, as a consequence, an increase in isotropic water diffusion. Axonal transection within the lesion also causes Wallerian and retrograde degeneration of the extralesional portion of axons that traverse it and ultimately the death of connected neurons. However, because there is no excessive glial proliferation in normal-appearing white and gray matter, the elimination of axolemma, myelin sheath, and neurons from non-lesional part of the brain is likely to result in white and gray matter shrinkage. The proposed mechanism may explain the relationship of brain atrophy with increased water diffusion within chronic lesions.
Diffuse alterations within NAWM
We observed a significant correlation of PBVC and baseline RD in NAWM. Because increase of RD is linked to white matter demyelination, 9 this association indicates that diffuse reduction of myelin in NAWM is likely to contribute to subsequent loss of brain tissue, which is in keeping with previous reports. 33, 34 Occult injury to the NAWM (and demyelination in particular) 35, 36 is likely to be a lesion-independent process 6, 7 linked to subclinical inflammation and diffuse microglial activation. 37 The lack of association between new lesion activity and progressive RD change in NAWM observed in this study supports this hypothesis. In addition, the absence of correlation between diffusivity changes within and outside of lesion tissue over the course of the study highlights dichotomous nature of chronic tissue alterations in established lesions and NAWM.
Demyelination of axons in NAWM, as suggested by increased baseline RD, may affect brain atrophy via multiple mechanisms. Because myelin sheaths occupy approximately 25%-30% of the white matter volume, 38 loss of myelin will lead to a direct reduction in brain volume. 2 In addition, denuded axons are more susceptible to environmental and physiologic stress. Gradual axonal attrition on this basis may therefore indirectly result in brain volume loss. 29, 30 The effect of NAWM demyelination on progressive brain atrophy is also supported by the increase of NAWM RD during the follow-up and its significant association with PBVC. However, the contribution of age-related RD change can not be fully excluded. 39 
Multifactorial analysis
Combination of all individually significant factors explained more than 60% of the intersubject variance in PBVC. The model confirmed the critical impact of new lesion activity on subsequent loss of the brain tissue, an observation with overt clinical implications that has been well established by previous work. 4 Because acute transection of large number of axons characterizes new lesion formation, an effect on brain atrophy, presumably mediated by Wallerian and retrograde degeneration that affects both connected white matter tracts and distant gray matter, is not surprising.
Remarkably, 2 other significant factors, namely the observed longitudinal isotropic increase in diffusivity within chronic lesions and the level of baseline RD in NAWM, increased the predictive power of the regression model by >50%. Precise mechanisms that link these factors to brain atrophy are yet to be determined. However, it is plausible that both factors reflect, at least to same extend, the deleterious effects of chronic demyelination on axon survival.
The multifactorial mechanism of brain atrophy observed in this study may explain the shortcomings of existing diseasemodifying therapies, which radically diminish the formation of new inflammatory lesions, but fail to fully arrest disease progression 3 and have little impact on progressive forms of MS.
This study has several limitations. First, neuronal and glial loss, and neuronal shrinkage, which is known to occur in the cortical and deep gray matter in MS, may represent an additional factor contributing to gray matter (and, consequently, whole brain) atrophy. 40 However, gray matter lesions, which are notoriously difficult to identify on conventional MRI, have not been analyzed in this study. Second, no longitudinal data from normal controls were available to assess the age-related changes of diffusivity in NAWM. In addition, the relatively small sample size of the current study may have prevented the detection of other, more subtle contributors to brain atrophy.
In summary, we demonstrate that in addition to damage from new lesions, both progressive loss of demyelinated axons within chronic lesions and demyelination in NAWM (as evidenced by increased RD) accelerate whole brain volume loss in patients with MS receiving immunomodulatory therapy.
